Abstract Drip loss of fresh-cut watermelon has become a concern for both producers and consumers. The effect of visible light exposure on the drip loss of fresh-cut watermelon was evaluated. Visible light treatments of 3000 and 10 Lux were applied to fresh-cut watermelon at 4°C during the shelf life for 5 days, with light exposure of 150 Lux as the control. The drip loss of the fresh-cut watermelon at 3000 Lux was 74.8% of that at 150 Lux on the fifth day, and the moisture evaporation at 3000 Lux was 1.89 times that at 150 Lux. Moreover, the light exposure of 3000 Lux reduced the activity of polygalacturonase, which is a key hydrolase related to cell wall degradation. The cell wall degradation ratio of the fresh-cut watermelon at 3000 Lux was 81.7% of that at 150 Lux on the fifth day. Overall, light exposure of 3000 Lux reduced drip loss by accelerating moisture evaporation in fresh-cut watermelon, as well as by reducing the activity of polygalacturonase and the ratio of cell wall degradation. Hence, exposing the freshcut watermelon to visible light of 3000 Lux during the shelf life was a feasible way of reducing drip loss.
Introduction
Fresh-cut watermelon has a crispy texture and refreshing flavor, and provides both moisture and sucrose (McGlynn et al. 2003; Petrou et al. 2013) . The shelf life of fresh-cut watermelon is usually 4-7 days, depending on the cultivars, transportation, and shelf conditions (Artés-Hernández et al. 2010; Cai et al. 2015; Fonseca and Rushing 2006; Mao et al. 2006; Robert et al. 2007 ). The drip loss of freshcut watermelon is usually around 4-10%, during its shelf life (Zhan et al. 2012a ). Drip loss deposited at the bottom of the trays reduces sales by reducing the consumers' purchasing desire, and also increases the chance of microbial contamination. Owing to these problems, the drip loss of fresh-cut watermelon has become a source of concern for both producers and consumers.
The drip loss of the fresh-cut watermelon can be initiated by cutting, microbial contamination, and physiological metabolism. The drip loss initiated by cutting can be reduced by using a sharp knife and/or by draining the drip before packaging. The drip loss initiated by microbial contamination can be reduced by maintaining sanitary conditions, and by implementing good manufacturing practice. As a result, the drip loss initiated by cutting and microbial contamination is generally reduced with the efforts of the producers. However, the drip loss initiated by the physiological metabolism is more complicated. Specifically, the physiological metabolism leads to the breakdown of the cell wall, causing the intracellular inclusions to run out, accumulate, and form the drip (Brummell et al. 2004) . In succession, the intracellular inclusions, such as cellulase and pecticase, hydrolyze the adjacent cell walls, leading to their destruction (Karakurt and Huber 2002) . These two steps repeat during the whole shelf life, and form the drip loss. Hence, developing a technique to reduce the physiological metabolism would prove beneficial to reducing the drip loss.
Two methods have been applied to reduce the drip loss of fresh-cut fruit. One is passive, by inserting absorbent pads. These pads absorb the drip loss in the trays of freshcut melon (Fernández et al. 2010) , cantaloupe (Cucumis melo L.) (Bai et al. 2001), kiwifruit, mango, persimmon (Vilas-Boas and Kader 2007) , and tomato (Gil et al. 2002) . The second method is positive, by reducing the physiological metabolism of fruit. Modified atmosphere packaging and 1-methylcyclopropene treatments have successfully reduced the physiological metabolism of Cucurbitaceae (Mao et al. 2006; Nilsson 2005; Robert et al. 2007; Zhou et al. 2006) .
Visible light exposure is a novel, non-toxic, cheap, and residue-free approach for preserving the quality of freshcut produce (Manzocco et al. 2009b; Zhan et al. 2012a, b) . Visible light exposure retards the physiological metabolism of plants by changing the photosynthesis and physiological activity Sanz et al. 2009 Sanz et al. , 2007 Zhan et al. 2012a, b) . Visible light exposure inactivates cellulase, pectinase, polyphenol oxidase, peroxidase, and superoxide dismutase activity in fruit (Cakmak and Marschner 1992; Manzocco et al. 2009a, b; Zhan et al. 2012b ). In succession, the inactivated enzymes reduce the rate of cell wall degradation. Moreover, visible light exposure inhibits the growth of some bacteria (Fonseca and Rushing 2006; Jia et al. 2009 ), and enhances moisture evaporation (Martínez-Sánchez et al. 2011) . Hence, visible light exposure during the shelf life could potentially reduce the physiological metabolism of fresh-cut watermelons, thereby reducing their drip loss.
Fresh-cut watermelon is usually stored in an air curtain cabinet in the supermarket, with light exposure of around 150 Lux. In this trial, light exposure of 3000 and 10 Lux was applied the fresh-cut watermelon during the shelf life for 5 days with light exposure of 150 Lux as the control. The qualities related to drip loss were evaluated during the shelf life, to provide a deeper insight into the underlying mechanisms of drip loss.
Materials and methods

Light exposure treatment of fresh-cut watermelon
The mature and uniform seeded watermelons (Citrullus vulgaris, var. Jingxin No. 3) were bought from a local fruit market. The fruit were round with regular stripes, and weighted about 3-4 kg per fruit. The flesh of the fruits was red and crispy, with a soluble-solid content of 11.5-13.5%.
A batch of fruits was stored at 4°C for 24 h before cutting. The surface of the fruits was washed in icy sodium hypochlorite solution (100 mg/L) and flushed with icy water, and then the fruits were drained in a bracket. The drained fruits were moved to a sanitary processing room with a temperature of 4°C. The fruits were peeled until the red flesh was revealed. The flesh was cut into cubes with the dimensions 2.5 cm 9 2.5 cm 9 2.5 cm. All cubes were mixed, and random cubes weighing approximately 300 g were fitted in a polyethylene tray and sealed with a transparent cover. The trays were stored in a three-shelf air-curtain cabinet, at 4°C. The cabinet was illuminated from the top with two fluorescent lamps (Philips TLD lamp YZ36RR25, 36W, China), during the entire shelf life. The intensity of the visible light and dosage of the ultraviolet radiation were monitored by a portable light meter (TES-1339R Data Logger, TES Electrical Electronic Corp., Taipei, China) and an ultraviolet radiation meter (LS125, Shenzhen Linshang Technology Co., Ltd., Shenzhen, China), respectively. The light and ultraviolet sensors were sealed in the trays and placed on each shelf. The visible light intensity was adjusted to 3000, 150, and 10 Lux, from the top to the bottom of the cabinet, by adjusting the bracket position or by covering the trays with dark polyethylene film. The temperature of each shelf was monitored by the Onset HOBO data logger U14-001 (Onset Computer Corporation, Bourne, MA, 02532, USA). The average temperature was the arithmetic mean of the temperature during the shelf life. The qualities of the fruit were evaluated on the first, third, and fifth day.
Weight loss
The total fruit weight was measured as the difference between the weight of the tray with the fruits and the weight of the empty tray. At the end of the shelf life study, the drip resulting from the fruit was drained using a Kimberly-Clark tissue. The weight loss was the difference between the total fruit weight and the weight of the drained fruit. The weight loss ratio was measured as the percentage of the weight loss in the total fruit weight.
The weight loss was further divided into moisture evaporation and drip loss. The drip loss included the drip deposited on the inner wall and on the bottom of the tray, as well as the drip attached to the fruit. Consequently, the drip loss was the sum of the drip absorbed in the KimberlyClark tissue from the fruits and the tray. The moisture evaporation was the difference between drip loss and weight loss. The drip loss ratio was the ratio of the drip loss in the total weight loss of the fruit.
Evaluation of cell degradation ratio
The cubes were tiled in a flat plate, and photographed with uniform exposure parameters by Canon EOS600D (Canon Group, Japan). The image was calculated by the Imagepro-plus 6.0 software (Media Cybernetics, Inc., Bethesda, MD, USA). A rectangle region was delineated randomly in the picture. The red color index of 140-190 in the RGB system was applied to the rectangle region, to screen for cell degradation. The cell-degradation region was marked in blue, and counted as the number of pixels in the selected rectangle region. The cell degradation ratio was defined as the percentage of the pixel number in the blue region of the pixel number in the selected rectangle region. The rectangle region was randomly selected at least six times for each picture. The cell degradation ratio was an average of the replicates.
Measurement of electrolyte leakage
Electrolyte leakage was measured according to a recently reported method (Jiang et al. 2001 ) with some modifications. Briefly, the fruits of 100 g was immersed in 0.33 L of distilled water and incubated at 25°C for 1 h. Initial electrolyte leakage of the fruit was measured by a DJS-1 conductivity immersion electrode (DDB-6200, Shanghai Leici Apparatus, Shanghai, China). Then, the fruit was boiled for 30 min and cooled to 25°C. Distilled water was added to reach the amount before the boiling. The total electrolyte leakage was measured. Relative conductivity was defined as the ratio of the initial electrolyte leakage in the total electrolyte leakage.
Measurement of pectic lyase, polygalacturonase, and pectin methylesterase activity
The fruit was homogenized in a Philips food mixer (HR1861 mixer, Philips, Dongguan, China) and centrifuged at 70009g and 4°C for 10 min (Sigma 3-18K, Sartorius, Gattingen, Germany). The supernatant was evaluated for the activity of pectic lyase (PL), polygalacturonase (PG) and pectin methylesterase (PME).
The PL activity was assayed by a UV-1800 spectrophotometer (Shimadzu Corporation, Kyoto, Japan), based on the absorption at 235 nm. The reaction was started by the addition of 75 lL of supernatant to 3 mL of incubation medium containing 0.425 mL 0.1 mol/L phosphate/citrate buffer pH 6.0, 1 mL of 0.1 mol/L calcium chloride solution and 1.5 mL of pectin aqueous solution as substrate. The changes in absorbance at 235 nm were monitored for 10 min. The pectin aqueous solution was prepared by stirring 5.0 g/L apple pectin with a methoxylation degree higher than 75% (Sigma, St. Louis, MO, USA) in 0.1 mol/L phosphate/citrate buffer of pH 6.0, at 40°C. The activity was expressed as the changes in absorbance per minute, calculated by linear regression. PG activity was measured by a UV-1800 spectrophotometer (Shimadzu Corporation, Kyoto, Japan), based on the release of reducing groups produced by PG. Specifically, 100 lL of the supernatant were mixed with 300 lL of 0.2% polygalacturonic acid, and incubated at 35°C for 10 min. To stop the reaction, 2 mL of 0.1 mol/L borate buffer (pH 9.0) and 400 lL of 1% cyanoacetamide solution were added to the reaction mixture and boiled for 10 min. The absorbance was measured at 276 nm and 22°C, with a blank of the same mixture minus the supernatant. The standard curve was built with a-D-galacturonic acid as the reducing sugar. One unit of PG activity was defined as the amount of enzyme that releases 1 lmol/L of galacturonic acid per min. PME activity was measured based on carboxyl group titration. An aliquot of 0.20 mL of supernatant was mixed with 20 mL of 10 mg/mL pectin (Sigma, USA) containing 0.1 M NaCl, and incubated at 23°C. An aliquot of 25 lL of 0.1 mol/L NaOH was added to the mixture, and its pH was adjusted to 7.5 using 0.1 mol/L NaOH (TitroLine Easy, Schott, Mainz, Germany). The duration of the solution returning to pH 7.5 was measured. The activity of PME was calculated by Eq. (1).
where A is the PME activity, C NaOH is the concentration of NaOH (0.1 mol/L), V NaOH is the volume of NaOH used (25 lL), V sample is the volume of sample used (0.20 mL), and t is the time needed for pH to return to 7.5 after the addition of NaOH (min). The residual activity of each enzyme was calculated as the percentage of the enzymatic activity at time t in that at time zero.
Statistical analysis
The trial was repeated three times. More than 60 trays were used for quality evaluation in each trial. The data were expressed as the average ± SD of at least six repetitions. Duncan's multiple range test was used to compare differences in the results. All analyses were conducted in SPSS (Window Version 19).
Results and discussion
Shelf life conditions of fresh-cut watermelon
The visible light exposure of cold cabinet in supermarkets, such as Walmart and Carrefour, is around 100-200 Lux, which provides consumers with comfortable illumination to select the desired products. All fresh-cut products are subjected to this level of light exposure during their shelf life, except for the ones in opaque packaging. Hence, light exposure of 150 Lux was set as the control in the following discussion. The visible light intensity of 3000 Lux provided the same illumination used for a jewelry or watch counter in a department store, which enhanced the shopping experience for the consumers. The light exposure of 10 Lux created an almost a dark condition, like being sealed in opaque packaging. The light intensity of the 3000 Lux reached 352 W/m 2 , which was about 15 times that of 150 Lux (22.2 W/m 2 ) and 234 times that of 10 Lux (1.5 W/m 2 ), respectively.
The ultraviolet B and C radiations reduce the microbial contamination and inactivate the cellulose, pectinase, and hydrolase in fresh-cut products (Artés-Hernández et al. 2010; Fonseca and Rushing 2006; Manzocco et al. 2009a; Tran and Farid 2004) . Ultraviolet B radiation was not detected in any treatments, whereas ultraviolet C radiation was detected at low levels. The level of ultraviolet C radiation was 30, 2.8, and 0 W/m 2 in the light exposure of 3000, 150, and 10 Lux, respectively.
A typical temperature fluctuation with time in the aircurtain cabinet has been shown in Fig. 1 . The temperature was (4.01 ± 1.85), (3.84 ± 2.25) and (4.14 ± 2.16)°C at light exposure of 10, 150, and 3000 Lux, respectively, which was statistically similar. Hence, the intensity of the light exposure and level of ultraviolet C radiation were the main differences of the three treatments.
Effect of visible light exposure on the cell wall degradation of fresh-cut watermelon
Drip loss mainly results due to the cell wall degradation of fruits (Mao et al. 2004; Marín-Rodríguez et al. 2002) . The cell wall degradation of the fresh-cut watermelon caused translucency/dark-red color on the fruit surface. Hence, the appearance and relative conductivity of the fresh-cut watermelon were measured to reflect the degree of cell wall degradation from different views.
The cell wall degradation ratio of the fresh-cut watermelon increased with time, during the shelf life (Fig. 2a) . The cell wall degradation ratio at 3000 Lux was 81.7 and 61.7% of that at 150 and 10 Lux on the fifth day, respectively. Consequently, the cell wall degradation ratio at 3000 Lux was significantly lower than that at 150 and 10 Lux on the fifth day. This proves that the intensity of the light exposure was negatively related to the cell wall degradation ratio of the fresh-cut watermelon. In addition, the translucent/dark-red colored region indicates breakage of the cell wall (Mao et al. 2004; Marín-Rodríguez et al. 2002) , and was used as a direct indicator of cell wall degradation. Blue regions identified on the surface of the fruit were reduced with the intensity of the light exposure on the fifth day (Fig. 2b) . Remarkably, the blue region mainly present around the margins of each cube, which correlated with the onset of the cell wall degradation. Remarkably, visible light exposure at 3000 Lux inhibited the spreading of cell wall degradation.
Relative conductivity of fruit tissues provides information on cell integrity, being an indirect measurement of cell wall degradation (Martínez-Sánchez et al. 2011) . Consequently, cell wall degradation increases the relative conductivity value (Jiang et al. 2001) . The relative conductivity of the fresh-cut watermelon was enhanced during the shelf life (Fig. 2c) . The relative conductivity of the fruit at 3000 Lux was significantly lower than that at 10 Lux. Therefore, visible light exposure of 3000 Lux reduced the cell wall degradation of fresh-cut watermelon.
Effect of visible light exposure on PL, PG and PME activity in fresh-cut watermelon PL, PG, and PME are closely related to the cell wall degradation of fruits (Marín-Rodríguez et al. 2002) . Specifically, PL catalyzes the eliminative cleavage of deesterified pectin in the cell wall (Jia et al. 2009 ); PG randomly cleaves the glycosidic bonds of pectic acid or polygalacturonates, and produces mono-, di-and oligogalacturonate (Jia et al. 2009 ); and PME cleaves the methyl group from esterified galacturonic acid residues in pectin chains, which are hydrolysis products of PL and PG. Consequently, PL and PG are considered key factors in cell wall degradation (Marín-Rodríguez et al. 2002) , whereas PME is an auxiliary pectinase in the degradation of the cell wall. The effect of visible light exposure on the activity of PL, PG and PME in fresh-cut watermelon is shown in Fig. 3 . The light exposure of 3000 Lux activated PL, reduced PG activity, and showed no significant influence on PME activity. Remarkably, the activity of PG at 3000 Lux was significantly higher than that at 10 Lux. PG activity in fresh-cut watermelon was negatively related to the intensity of the light exposure with correlation factor of -0.968. The light exposure of 3000 Lux inhibited the determinants of cell wall degradation in fruits. Hence, the reduction in PG activity contributed to the decrease in drip loss of the fresh-cut watermelon.
Effect of visible light exposure on drip loss of freshcut watermelon
The weight loss of the fresh-cut watermelon was further divided into drip loss and moisture evaporation. The drip loss deposited in the trays was visible, thereby reducing the consumers' purchase desire and enhancing the chance of microbial contamination. Moreover, the moisture evaporation had to be paid for by the producers or the consumers, although it was invisible. Consequently, weight loss is an important concern for both producers and consumers. The effect of visible light exposure on the weight loss of fresh-cut watermelon is shown in Fig. 4 . The drip loss ratio at each light intensity decreased with the storage time. The drip loss at 3000 Lux was 74.8 and 54.2% of that at 150 and 10 Lux, respectively, on the fifth day. Moreover, the drip loss ratio at 3000 Lux was also significantly lower than those at 10 and 150 Lux. Consequently, a stronger light exposure reduced the drip loss of fresh-cut watermelon. However, moisture evaporation was positively related to light intensity and shelf life. The moisture evaporation at 3000 Lux was 1.89 and 5.01 times of that at 150 and 10 Lux, respectively, on the fifth day. The light exposure of 3000 Lux accelerated moisture evaporation from both the fruit surface and the drip loss fluid in the tray. Hence, the light exposure of 3000 Lux was an effective way to reduce the accumulation of drip loss fluid in the tray. The weight loss ratio at 3000 Lux was 92.0 and 74.9% of that at 150 and 10 Lux, respectively, on the fifth day. This finding is in agreement with the weight loss reported for fresh-cut cauliflower and Chinese kale (Sanz et al. 2007 ), lettuce (Martínez-Sánchez et al. 2011) , and broccoli (Zhan et al. 2012a) . Hence, the visible light exposure of 3000 Lux reduced the drip loss of fresh-cut watermelon, as well as the weight loss by inhibiting cell wall degradation and accelerating moisture evaporation. The exposure of fresh-cut watermelon to visible light of 3000 Lux is a possible way of reducing drip loss.
Conclusion
Visible light exposure is a novel, non-toxic, cheap, and residue-free approach for preserving the quality of freshcut produce. In the current study, the visible light exposure treatment during the shelf life maintained qualities of freshcut watermelon by reducing physiological metabolism initiated drip loss. Specifically, the light exposure treatments of 3000, 150, and 10 Lux were applied to the freshcut watermelon during the shelf life. The light exposure of 3000 Lux achieved the lowest cell wall degradation ratio. The drip loss ratio at 3000 Lux was significantly lower than those at 10 and 150 Lux on the fifth day, when stored at 4°C. The moisture evaporation that was a part of the drip loss was positively related to light intensity and shelf life. Consequently, the moisture evaporation at 3000 Lux was significantly higher than that at 150 and 10 Lux. Moreover, the light exposure of 3000 Lux reduced the activity of polygalacturonase, which is a key hydrolase related to cell wall degradation. The cell wall degradation ratio of the fresh-cut watermelon at 3000 Lux was 81.7% of that at 150 Lux on the fifth day. The visible light exposure of 3000 Lux reduced drip loss by accelerating moisture evaporation in fresh-cut watermelon, as well as by reducing the activity of polygalacturonase and the ratio of cell wall degradation. Hence, the visible light exposure treatment during the shelf life would prove beneficial to both producers and consumers.
